PURPOSE. Ex vivo expansion of limbal epithelial progenitor cells on amniotic membrane (AM) without 3T3 fibroblasts is a new surgical approach to treat limbal stem cell deficiency. Such expansion requires NGF-TrkA-mediated signaling, and this study was conducted to delineate the downstream signaling pathways. METHODS. The human corneolimbal ring was cut into explants and cultured on intact human AM. At day 0 or 10, low-molecular-weight inhibitors were added, whereas the control group received dimethyl sulfoxide (DMSO). The epithelial outgrowth rate was monitored for 17 days, and the epithelial cells were collected for Western blot analysis. RESULTS. In the control, most expansion of human limbal epithelial cells started from the limbus from days 5 to 7 and reached ϳ80% confluence at day 17. Compared with the control, the outgrowth was completely inhibited by 50 M LY294002 or 50 M SR13668 and was significantly suppressed by 10 M U0126, but was not affected by 10 M of either SB203580 or JNK inhibitor 1. The inhibition of outgrowth by LY294002, SR13668, and U0126 was reversible. Western blot analysis showed that phosphorylation of Akt and FKHRL1was abolished by LY294002 and SR13668, but downregulated by U0126, which also abolished phosphorylation of p44/42 mitogen-activated protein kinase (MAPK). The phosphorylation of p38 and JNK MAPK were downregulated or abolished during ex vivo expansion. CONCLUSIONS. Ex vivo expansion of human limbal epithelial progenitor cells on intact AM is mediated by the survival signaling pathway mediated by PI3K-Akt-FKHRL1 and by the mitogenic MAPK pathway mediated by p44/42 at the expense of p38 and JNK MAPK. (Invest Ophthalmol Vis Sci. 2006;47: 151-157)
O ne major advance made in treating patients with total limbal stem cell deficiency is to transplant epithelial cells that have been expanded from a small limbal biopsy specimen by culturing on amniotic membrane (AM) with or without the use of 3T3 fibroblast feeder layers. [1] [2] [3] [4] In a rabbit model of unilateral total limbal stem cell deficiency, we have recently demonstrated the long-term efficacy of this new surgical procedure 5 and that clinical success correlates with the recovery of a normal corneal epithelial phenotype, and clinical failure correlates with the maintenance of a conjunctival epithelial phenotype. 6 Furthermore, restoration of a clear and transparent cornea is associated with a normal corneal epithelium and complete wound remodeling. 7 The success of this new surgical procedure can further be attributed to the fact that ex vivo expanded limbal epithelial cells on intact amniotic membrane (without 3T3 fibroblast feeder layers or air lifting) preserve characteristics of limbal epithelial stem cells such as negative expression of K3 keratin and connexin 43 (Cx 43), label-retaining properties, and p63 expression. 4,8 -10 As a first step to exploring the molecular mechanism governed by AM, we have noted that nerve growth factor (NGF) is abundantly present in AM stromal matrix and that TrkA (the NGF high-affinity receptor) but not p75 NTR (the NGF low-affinity receptor), is expressed at the limbal basal epithelial cell layer, suggesting that the limbal epithelial stem cells may preferentially use TrkA but not p75 NTR to sustain its unique antiapoptotic survival. Moreover, addition of K252a, which inhibits TrkA-mediated phosphorylation, 11 suppresses epithelial outgrowth expanded on AM. 12 It has been reported that NGF/TrkA signaling leads to the PI3K-Akt-FKHRL1 pathway, 13 which is known to govern cell survival (for review, see Ref. 14) , and to the mitogen-activated protein kinase (MAPK) pathway, 15, 16 which is known to control cell mitosis (for review, see Ref. 17) . In the MAPK pathway, extracellular signals such as growth factors, mitogens, cytokines, and various forms of environmental stresses activate phosphorylation of one or several of the three members: extracellular signal-regulated kinases (ERKs), also referred to as p44/42 MAP kinase; p38 MAP kinases; and c-Jun N-terminal kinases (JNKs, also termed stress-activated protein kinases). 18, 19 In this study, we wanted to determine whether downstream signaling pathways mediated by PI3K-Akt-FKHRL1 and MAPKs are involved in ex vivo expansion of limbal epithelial progenitor cells on AM.
MATERIALS AND METHODS
Dulbecco's modified Eagle's medium (DMEM), F-12 nutrient mixture, fetal bovine serum (FBS), HEPES buffer, phosphate-buffered saline (PBS), amphotericin B, gentamicin, and dispase II were purchased from Invitrogen (Carlsbad, CA); mouse-derived epidermal growth factor, cholera-toxin (subunit A), dimethylsulfoxide (DMSO), hydrocortisone, and insulin-transferrin-sodium selenite medium supplement from Sigma-Aldrich (St. Louis, MO); plastic cell culture dishes from BD Biosciences (Lincoln Park, NJ); culture plate inserts (30 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Preparation of Human Amniotic Membrane Insert
Human AM was kindly provided by Biotissue (Miami, FL) and stored at Ϫ80°C before use. AM was devitalized by freezing and thawing and washed three times with Hanks' balanced saline solution (HBSS) before being fastened onto a 30-mm culture insert (Millicel-CM; Millipore), which generated an insert with 23-mm diameter covered by AM, and placed in a six-well plate, as previously described.
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Preparation of Human Corneolimbal Tissue
Human tissue was handled according to the tenets of the Declaration of Helsinki. After removal of excessive sclera, iris, corneal endothelium, conjunctiva, and Tenon's capsule, the limbal ring was separated by a 7.5-mm trephine from donor corneas that were obtained from the Medical Eye Bank of Florida (Orlando, FL) and were of transplant quality but had been excluded from clinical use for nonocular reasons. The limbal ring was also obtained after transplantation of donor corneas obtained from Florida Lions Eye Bank (Miami, FL).
Human Limbal Explant Culture on Amniotic Membrane
Each limbal ring was rinsed three times with supplemented hormonal epithelial medium (SHEM) made of an equal volume of HEPES-buffered DMEM containing bicarbonate and Ham's F12 and supplemented with 5% FBS, 0.5% DMSO, 50 g/mL gentamicin, 1.25 g /mL amphotericin B, 2 ng/mL mouse EGF, 5 g/mL insulin, 5 g/mL transferrin, 5 ng/mL selenium, 0.5 g /mL hydrocortisone, and 30 ng/mL cholera toxin subunit A. The limbal ring was then exposed for 10 minutes to 1.2 U/mL Dispase II in Mg 2ϩ -and Ca 2ϩ -free HBSS at 37°C under 95% humidity and 5% CO 2 . After three rinses with SHEM, each limbal ring was subdivided into two halves and each half further subdivided into six pieces of 1 ϫ 1.5 ϫ 2.5-mm explants. To eliminate variations of age, sex, and race, explants from the corresponding position of the same donor cornea were selected for the control and the experimental group, respectively. An explant was placed on the center of intact AM or plastic with the epithelial side facing up and cultured in SHEM. The experimental group was added with the inhibitor of desired concentration, whereas the control group was added with the same concentration of DMSO as the vehicle that was used to dissolve each inhibitor. The culture was maintained at 37°C under 95% humidity and 5% CO 2 , the medium was changed every other day, and the outgrowth was monitored daily for 17 days by inverted phase microscope (Nikon, Tokyo, Japan). The outgrowth area was digitized every other day (Photoshop 5.5; Adobe Systems, Mountain View, CA) and analyzed by NIH ImageJ 1.30v (available by ftp at zippy.nimh.nih.gov/ or at http:// rsb.info.nih.gov/nih-image; developed by Wayne Rasband, National Institutes of Health, Bethesda, MD).
Western Blot Analysis
Expanded epithelial sheets from three explants cultured on plastic with DMSO treatment or on AM after treatment with DMSO, SB203580, or JNK inhibitor 1 for 17 days or treatment with LY294002, SR13668 or U0126 for 24 hours at day 10 (at this time point, cell outgrowth was rapid and there were enough cells to be collected for Western blot) were scraped off with a spatula. Cells were washed once with PBS, resuspended in 300 L RIPA buffer (50 mM Tris Cl [pH 7.5]; 150 mM NaCl; 1% Nonidet P-40; 0.5% sodium deoxycholate; 0.1% SDS with 1 g/mL of aprotinin, leupeptin, and pepstatin A; 1 mM phenylmethylsulfonyl fluoride [PMSF]; 50 mM sodium fluoride; and 0.2 mM sodium vanadate), and mixed at 4°C for 30 minutes. Cell lysates were cleared by centrifuging at 15,000g for 10 minutes at 4°C. The protein concentration in the supernatant was quantitated by bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). Ten to 20 g total protein from each sample was mixed with an equal volume of 2ϫ SDS sample buffer, boiled for 5 minutes, electrophoresed on a 4% to 15% gradient SDS-PAGE gel and transferred to a nitrocellulose membrane. These membranes were preincubated with blocking buffer (5% BSA or nonfat milk in TBS/0.1% Tween-20), probed with an affinity-purified rabbit polyclonal (anti-Akt-pSer473, anti-FKHRL1-pThr32, anti-JNK MAPK, and anti-p44/42 MAPK pThr202/pTyr204), or mouse monoclonal antibody (anti-Akt-pThr308, anti-JNK-pThr183/Tyr185, anti-p38 MAPK, anti-p38 MAPK-pThr180/Tyr182, and anti-␤-actin; all at 1:1000 dilution) overnight at 4°C. The membranes were then washed three times with TBS/0.1% Tween-20, incubated with goat anti-rabbit or rabbit antimouse IgG-peroxidase-conjugated antibody (Bio-Rad, Hercules, CA) for 1 hour at room temperature, and developed with enhanced chemiluminescence reagent (PerkinElmer Life Sciences, Boston, MA).
Statistical Analysis
All experiments were performed at least in triplicate. Summary data were reported as the mean Ϯ SD and were compiled and analyzed on computer (Microsoft Excel; Microsoft, Redmond, WA). The mean and SD were calculated for each group by using the appropriate version of Student's unpaired t-test. Test results were reported as two-tailed probabilities, where P Ͻ 0.05 was considered statistically significant.
RESULTS
Epithelial Outgrowth Rate
The epithelial morphology of the human limbal outgrowth has been reported. 4, 8, 21 To make sure that the control without treatment had a consistent growth rate and pattern, we examined 33 limbal explants from 11 donors ranging from 37 to 61 years of age. Under microscopic observation, we noted epithelial cells started to migrate from the limbal edge to AM in 28 (85%) of the 33 explants, at days 3 to 4, and from the corneal or scleral edge in the rest. At day 5, cell outgrowth could be discerned by the naked eye. The surface area was scanned and digitized every other day until day 17 when the outgrowth reached ϳ80% confluence (i.e., ϳ 340 mm 2 of 415 mm 2 of the AM insert). We terminated the culture before reaching confluence to avoid possible underestimation caused by cell contact inhibition. As shown in Figure 1 , the outgrowth rate of the control showed a consistent pattern as a group. The outgrowth rate was gradually increased from days 5 to 9, but rapidly increased from days 9 to 13 and gradually slowed down from days 13 to 17.
Inhibition of the PI3K-Akt Pathway
The PI3K-Akt pathway controls cell survival, and inhibition of this pathway frequently leads to apoptosis (for review, see Human limbal explants were cultured in SHEM and monitored for 17 days. A consistent pattern of epithelial outgrowth from a total of 33 explants was noted. The surface area gradually increased from days 5 to 9, rapidly expanded from days 9 to 13, and then gradually decreased from days 13 to 17, when it reached ϳ 80% confluence of the AM insert.
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IOVS 14, 22) . LY294002 is a specific inhibitor of PI3K, and one of the downstream targets of PI3K is phosphorylation and activation of Akt kinase. The epithelial outgrowth was not significantly inhibited by 5 and 10 M of LY294002 (P ϭ 0.85 and 0.09, respectively), but was significantly or completely inhibited by 20 and 50 M of LY294002 (P ϭ 0.0008 and 0.0007, respectively; Figs. 2A, 2B ). Addition of 10 M SR13668, a potent phosphor-Akt inhibitor, resulted in 50% reduction of the outgrowth rate from days 5 to 11 and a 60% reduction from then on (Fig. 2C) . Addition of 50 M SR13668 completely inhibited epithelial outgrowth (Fig. 2D) . These results indicate that inhibition of either PI3K or Akt could completely abolish epithelial outgrowth from a limbal explant cultured on AM.
Inhibition of the MAPK Pathways
The MAPK pathway controls cell proliferation, migration, and differentiation (for review, see Ref. 23 ). U0126 is a specific inhibitor of the MAPK kinase MEK1/2. At 10 M, it completely inhibits p44/42 MAPK phosphorylation in many cells. 24 When 10 M of U0126 was added, epithelial outgrowth was noted at day 8, which was significantly more delayed than the control. From day 13 on, the outgrowth from the U0126-treated explants was almost halted. At day 17, the average outgrowth area of the control and U0126-treated group was 334 Ϯ 34.3 and 17.0 Ϯ 3.0 mm 2 , respectively ( Fig. 3A ; P ϭ 0.0077). SB203580 and JNK inhibitor 1 are specific inhibitors of MAPK p38 kinase and JNK kinase, respectively. Addition of 10 M of either SB203580 or JNK inhibitor 1 did not change the outgrowth that started at day 5 and reached similar rates when compared with the control (Figs. 3B, 3C ). There appeared to be some promotion of epithelial outgrowth in SB203580-treated explants, but the difference did not reach statistical significance (P ϭ 0.89). Collectively, these results indicate that inhibition of p44/42 MAPK, but not p38 kinases or JNK, of the MAPK family also completely abolishes epithelial outgrowth from a limbal explant cultured on AM.
Reversibility of Inhibition by LY294002, SR13668, or U0126
Because addition of LY294002, SR13668, or U0126 led to complete or significant inhibition of ex vivo expansion of limbal epithelial cells, we thus removed these inhibitors after the explants was treated with 50 M LY294002, 50 M 
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SR13668, or 10 M U0126 for 17 days, respectively. We noted that the inhibition of epithelial outgrowth was reversible, because the outgrowth reinitiated in 2 days after the culture medium containing the inhibitor was switched to the fresh medium. However, the outgrowth was resumed at a much slower rate and took a significantly longer time (25-30 days to reach ϳ80% confluence). The reversible outgrowth from 10 M U0126 treatment was faster than those treated with 50 M LY294002 or 50 M SR13668 (25 days vs. 30 days to reach ϳ80% confluence; Table 1 ). These results indicate that such inhibition is reversible and that the progenitor cells in the limbal explant remain viable and can resume proliferation and migration, even after being treated by these inhibitors for 17 days.
Inhibition of Phosphorylation of Akt, FKHRL1, p44/42 MAPK, p38 MAPK, and JNK MAPK
Western blot analysis was performed to verify that the respective phosphorylation of these kinases was indeed inhibited after the treatment of the aforementioned inhibitors (Fig. 4A) .
The results showed that addition of 50 M of LY294002 or SR13668 abolished phosphorylation of Akt at Thr308 and Ser473. SR13668 (50 M) also abolished, whereas 50 M LY294002 decreased, Thr32 phosphorylation of FKHRL1, a downstream target of Akt (for review, see Refs. [25] [26] [27] . U0126 (10 M) eliminated phosphorylation of Akt at Thr308 and decreased phosphorylation of Akt at Ser473 and FKHRL1 at Thr32. Only 10 M U0126 abolished phosphorylation of p44/42 MAPK at both Thr202 and Tyr204, whereas 50 M LY294002 and 50 M SR13668 did not change p44/42 MAPK phosphorylation. SB203580 and JNK inhibitor 1 (10 M) increased the phosphorylation of p44/42 MAPK. Of interest, phosphorylation at Thr180/Tyr182 of p38 MAPK was expressed by cells expanded on plastic, but markedly downregulated in those expanded on intact AM, and was abolished with the addition of 10 M SB203580 (Fig. 4B) . Likewise phosphorylation of Thr183/Tyr185 of JNK MAPK was expressed by cells expanded on plastic, but was abolished in those expanded on Fig.  4C ). These data collectively further supported that selective activation of Akt and/or p44/42 MAPK without concomitant activation of p38 and JNK MAPKs is uniquely involved in ex vivo expansion of human limbal epithelial progenitor cells on intact AM without 3T3 fibroblast feeder layers.
DISCUSSION
We and others have demonstrated that human limbal epithelial progenitor cells can be expanded and maintained on intact, but not denuded, AM or plastic in the absence of 3T3 fibroblast feeder layers. 4,8 -10 We have further reported that the signaling mediated by NGF is involved in such ex vivo expansion. 12 Herein, using specific inhibitors of PI3K, Akt, and the MAPKs (p44/42, p38, and JNK), we showed that both the PI3K-Akt-FKHRL1 and the p44/p42 MAPK pathways provide the downstream signaling.
The PI3K-Akt-FKHRL1 signaling pathway plays a central role in promoting the survival of a wide range of cell types by upregulating expression of antiapoptotic genes or by downregulating expression of apoptotic genes (for review, see Refs. 14,22). PI3K activation is triggered by the binding of such survival factors as insulin-like growth factor (IGF)-1 and neurotrophins (e.g., NGF) to their cell surface receptors. 28 Activated PI3K in turn leads to the activation of a serine/threonine kinase, termed Akt or PKB, by phosphorylation at Thr308 and Ser473 (for review, see Ref. 14), which then phosphorylates its downstream target FKHRL1 to be translocated into the nucleus to transactivate proapoptotic genes such as tumor necrosis factor-␣, TGF-␤1, and Bad (for review, see Ref. 22) . In this study, we noted that 50 M of both LY294002 (an inhibitor of PI3K) and SR13668 (an inhibitor of phosphor-Akt) completely inhibited limbal epithelial outgrowth (Fig. 2) , and such inhibition correlated with the complete inhibition of phosphorylation of Akt at Thr308 and Ser473 by both LY294002 and SR13668 (Fig. 4A) . As a result, FKHRL1 was partially or com- Human limbal explants on AM inserts were cultured for 17 days in the present of 50 M LY294002, 50 M SR13668, or 10 M U0126. At day 17, explants treated with LY294002 or SR13668 did not show any outgrowth, whereas those treated with U0126 outgrew very little. From this day on, the SHEM medium with the inhibitor was replaced with the fresh medium without the inhibitor. As a result, all explants resumed outgrowth 2 days later, but the outgrowth rate was slower than the control (see Figure 1) . Explants previously treated with LY294002 or SR13668 reached 80% confluence by day 30 after the inhibitor was removed, whereas explants previously treated with U0126 reached the similar confluence by day 25. pletely dephosphorylated at Ser32 by LY294002 or SR13668, respectively. The finding that U0126, a MEK1/2 inhibitor, also inhibited the AKT-pThr308, AKT-pSer473, and FKHRL1-pThr32 bands (Fig. 4A ) may be caused by crosstalk between these two pathways, as reported in other cell systems. 29 -33 Future studies are needed to delineate this hypothesis and identify the exact mechanism.
The findings in the present study lead us to speculate that the antiapoptotic survival signaling mediated by the PI3K-Akt-FKHRL1 pathway is necessary to sustain ex vivo expansion of limbal epithelial progenitor cells including stem cells. Because self-renewal of murine embryonic stem cells maintained by leukemia inhibitory factor is also reduced by LY294002, 34 future studies are needed to determine whether PI3K-Akt-FKHRL1 is involved in the self-renewal of limbal epithelial stem cells, and whether antiapoptosis is the key mechanism governing stem cell renewal.
Our data also demonstrated that the limbal epithelial outgrowth was inhibited significantly by U0126, a specific inhibitor to MEK1/2, but not by SB203580 and JNK inhibitor 1, inhibitors of p38 and JNK MAPK, respectively (Figs. 3A, 3B, 3C). This finding was further supported by the Western blot analysis data showing that 10 M U0126 completely eliminated phosphorylation of p44/42 MAPK at Thr202/Tyr204 (Fig. 4A ). Ten micromolar of either SB203580 or JNK inhibitor 1 actually upregulated the phosphorylation of p44/42 MAPK (Fig. 4A) , a finding that can be explained by crosstalk among the three MAPK subfamilies of p44/42, p38, and JNK, as reported in other cell systems. [35] [36] [37] [38] [39] Although JNK inhibitor 1 did not affect limbal epithelial outgrowth, p38 MAPK inhibitor SB203580 did promote the outgrowth, although not significantly ( Fig. 3B ; P ϭ 0.89). It has been reported that p38 MAPK signaling promoted cell death in CD4 ϩ T cell. 40, 41 Saika et al. 35 and Sharma et al. 36 noted that migration of human, rabbit, and mouse corneal epithelial wound healing depends on p38 MAPK. In the current study, we noted that phosphorylation of p38 MAPK and JNK MAPK was expressed by cells expanded on plastic, but was markedly downregulated in those expanded on intact AM (Figs. 4B, 4C , respectively). A similar phenomenon was observed in mouse corneal epithelial wound healing, in which SB203580 induced p44/42 MAPK activity while downregulating p38 MAPK phosphorylation. 35 Therefore, it is tempting to speculate that ex vivo expansion of limbal epithelial progenitor cells by intact AM correlates with cellular proliferation without apoptosis and migration mediated by p38 and JNK MAPKs. Further studies are needed to look into the mechanisms by which AM exerts such a selective upregulation of the p44/42 MAPK pathway without concomitant upregulation of the p38 and JNK MAPK pathways.
Notwithstanding, the aforementioned inhibition of limbal epithelial outgrowth was fully reversible on withdrawal of LY294002, SR13668, and U0126 (Table 1 ). This finding suggests that some epithelial progenitor cells (perhaps stem cells) in the limbal explant could resist the inhibitory actions by these inhibitors regarding regulation of cell survival and mitosis. Previously, it has been shown that the side population (SP) cells of mouse bone marrow, which are enriched in hematopoietic stem cells, could be reduced by treatment with LY294002 or Akt1 knockout. But such SP cells could be reversibly back to the normal level by removing LY294002 or overexpressing Akt1. 42 Future studies are needed to determine whether the p44/42 MAPK signaling cascade is involved in cell differentiation, whereas the PI3K-Akt signaling pathway is more important for progenitor cell survival and renewal of limbal epithelial stem cells.
